Abstract. Ammonium sulfate particles in air with average diameters ranging from 0.1 to 0.5-/zm have been generated by atomizing aqueous solutions of (NH4)2SO 4 of various concentrations at ambient temperatures and pressures. The infrared spectra from 4000 to 600 cm-• of the resulting aerosols have been investigated. This spectral region has allowed us to study the four infrared-active vibrational modes of this salt: v3(NH4+), vn(NH4+), v3(SO42-), and ¾4(SO42-). The frequencies of these modes are similar to published results obtained from infrared studies of the single crystal but are displaced to higher wavenumbers. Depending on relative humidity, the aerosol particles are crystalline or supersaturated aqueous droplets. These phase identifications are possible because liquid water absorption features are found in the droplets but not in the crystals. Extensive Mie theory calculations have been performed for spheres of diameters ranging from 0.1-/•m to 2.0-/•m to explore frequency shifts and the relative contributions to extinction of scattering and absorption with particle size. We show that, for the smaller particles, the molecular cross section in the v3(SO42-) region can be used to determine the number of (NH4)2SO 4 molecules in an aerosol sample. The (small) frequency shifts in this region provide information on the aerosol particle size. A Mie theory calculation of extinction for a model polydisperse aerosol, believed to approximate that of an experimental aerosol, gives reasonable agreement with the observed spectrum. While calculated band centers of the four modes are within 1% of those observed, values of extinction can differ by as much as 50%. We discuss possible reasons for the discrepancies. Spectroscopic changes observed for an aerosol as the particles settle are discussed in terms of kinetic models and Mie theory. We discuss the potential of spectroscopic signatures of tropospheric (NH4)2SO 4 aerosols for the characterization of their size, morphology, phase, and composition. Finally, we propose a field experiment to measure sulfate aerosol in the arctic troposphere.
Introduction
In recent years, the role of aerosols in many atmospheric processes has received considerable attention. By scattering radiation, aerosols are a significant factor in the Earth's energy balance [Chadson et al., 1992] , hence the optical properties of aerosols are important parameters for global climate calculations. Aerosol particles serve as nuclei for the formation of clouds [Warneck, 1988] hydrogens of NH4 + are capable of participating in hydrogen bonds with water, making this ion a potential probe for waterparticle interactions. Finally, sulfate is an important constituent of the atmosphere [Warneck, 1988] and consequently an understanding of its spectroscopy will prove valuable to environmental scientists.
In this paper we report the results obtained from infrared studies of (NH4)2SO 4 aerosols under a variety of ambient conditions. While there have been infrared studies of the collected (NH4)2SO 4 particles of aerosols [Johnson and Kumar, 1991 ] and IR backscatter spectra over a narrow spectral range (1090-920 cm -•) [Mudd et al., 1982] , we present here extinction spectra of suspended (NH4)2SO 4 particles over a broad spectral range (4000-600 cm-•). We also show spectra of aerosols composed of metastable supersaturated aqueous (NH4)2SO 4 droplets. We have observed changes in band shapes and locations for different size particles under the same atmospheric conditions, for same size particles under different atmospheric conditions, and for aerosols as a function of time.
We rely on published optical constants of solid and aqueous (NH4)2SO 4 and on the results of both Mie theory calculations and particle sedimentation to discuss the observed changes in the spectra of these aerosols. Finally, we propose field measurements of sulfate in the arctic troposphere (arctic haze).
Experiment
A schematic of the experimental apparatus used in this investigation is shown in Figure 1 . The aerosols for this study were generated from aqueous solutions of (NH4)2SO 4 using a commercially available atomizer (TSI Model 3076), specified aerosol, and Ts the transmittance of the cell with aerosol. Water and CO•_. The middle spectrum has been scaled on the vapor absorption in the aerosol spectra, which can obscure extinction axis by a factor of 1.3 and offset by +0.07 extinction by (NH4)2SO4 particles, was reduced by subtracting extinction units. The upper spectrum has been scaled on the a spectrum of water vapor that had been scaled to match the extinction axis by a factor of 3.6 and offset by +0.14 water vapor in the spectrum of interest. extinction units.
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routines. Each band center frequency is determined by least squares fitting of a parabola over the extinction maximum of the features. We have empirically determined that the diffuse spectroscopic features of the (NH4)2SO 4 particles are well described by lorentzian (rather than say, gaussian) profiles. Consequently, each bandwidth is determined by least squares fitting of a 10rentzian function to the extinction profile. Overlapping features can be resolved conveniently into a sum of 10rentzian profiles. Parabolic and 10rentzian fitting routines are described in the appendix.
Results
Figure 2 shows extinction spectra and spectroscopic assignments for desiccated aerosols prepared from ( A justification of these initial average diameter assignments will be given in the following section. Even though these spectra were obtained with the desiccating cell, water vapor subtraction as described in the previous section was used. Water vapor subtraction was necessary because it was impossible to eliminate all of the water from the optical path.
To begin, a glance at While the NH4 + features are structured, the SO42-modes appear to be singlets. As the particle diameter increases, the v3(SO42-) band center and bandwidth monotonically increases by a few wavenumbers as quantified in Table 1 . Because of the sharpness of this band and because it is not obscured by water vapor absorption, we shall focus our attention on the v3(SO42-) spectroscopic signature in the discussions to follow. The v4(SO42-) feature profile by contrast is invariant, within experimental uncertainty, to changes in particle diameter. bparabolic fit to points e 80 % of peak height.
•Parabolic fit to points e 95 % of peak height.
aBi-lorentzian fit.
•Parabolic fit to points e 90 % of peak height.
fLorentzian fit. Spectroscopic absorption measurements, in the Rayleigh limit [Bohren and Huffman, 1983] , respond in proportion to the volume of the particle (hence mass or number of molecules) in the aerosol. The average particle mass, M, is defined as
where J is again the number of the particles and Mi is the mass of the ith particle. If the geometry of the particle is known, then M can be related to the particle size. Assuming nonporous spheres, the average mass is given by : --pd• 3 For a lognormal distribution, the Hatch-Choate equations can be used to convert one type of average to another [Hinds, 1982] . In particular, The irradiance of light, I, passing through an aerosol is given by [Bohren and Huffman, 1983] where Io is the incident irradiance, z is the path length (1 m for our cells), and •Zex t is the extinction coefficient. (A condition for the validity of (6) is that multiple scattering effects of the aerosol are negligible. This condition is usually met for our samples as we shall see in calculations to follow.)
Light extinction by particles within the aerosol is a consequence of both absorption and scattering so that the 
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We shall denote O (sphere) at 90 as o0 (sphere). _ As we shall see in the Mie theory calculations of Table 3 We shall find in Table 3 Table 3 are not surprising. We now use ( This is roughly an order of magnitude smaller than the rated value of the atomizer. However, losses of particles to the walls and transfer tubing of the aerosol generation system are expected. These calculations for spherical particles show that, in the Rayleigh limit, the extinction contains information on the number of (NH4)2SO 4 molecules whereas the wavenumber location of the band center and the band shape contains information on the particle size.
Since our experiments with aerosols and aerosols in the atmosphere contain a polydisperse distribution of particles, we must now deal with this condition in understanding their spectroscopy. The fraction of particles having diameters d(ln d) .
(15)
The lognormal frequency function can be partitioned into L channels of equal width in logspace, where L is the integer closest to SI• and S is an arbitrary positive integer chosen to give the desired number of channels in the particle distribution. We have attempted to match an experimental spectrum with that obtained from Mie theory by using the following equation. As we shall show later, we believe the 0.5-/•m flow-through aerosol comains crystals (as opposed to droplets), generated over a seconds timescale, which may not be well ordered. This lack of homogeneity may be responsible for bandwidth increases of some of the features. By contrast, the crystals from which the optical constants are taken were carefully grown over a 1 year period [Toon et al., 1976] and are likely to yield the most narrow absorption features. Thus the extinction discrepancies in Figure 10 may be merely a consequence of crystal inhomogeneities. Considering the vastly different methods of (NH4)2SO 4 sample preparation, the agreements in Figure 10 should probably be considered remarkable and another testimony to Mie theory.
The condition that multiple scattering is unimportant to the aerosol spectroscopy and that (6) diameter of 0.7-tzm, a factor of 2 larger than that predicted by (5). The problem with estimating the diameter from such a simplistic analysis of the sedimentation behavior is that the observed extinction decay is weighted by the lognormal frequency function and the extinction depends roughly on the diameter cubed. This implies that the large particles dominate the extinction spectrum only at early times since they settle.
Also, the sedimentation velocities in these size distributions range over 2 to 3 orders of magnitude. This approach also overlooks aerosol coagulation.
Although these aerosols have fairly high numerical particle densities, the collision rate is not very large. The rate of collision in an aerosol containing monodisperse particles with any specific particle is 8xd[}Dpart, where [5 is the particle diffusion coefficient [Hinds, 1982] . Taking The +3 cm -• shift observed for ¾3(SO4 2-) during sedimentation is consistent with the + 3.3 cm -• shift shown in Table 3 The ¾3(SO4 2-) region is also sensitive to the presence of water. In the spectra of desiccated aerosols, the band is a symmetric singlet, while in the spectra of flow-through aerosols the band is asymmetric with a trailing edge toward low
wavenumbers.
Yet another spectroscopic signature that can distinguish between the crystalline particles and the metastable droplets is There are a number of reasons for proposing the arctic for an initial aerosol field experiment. First the remote polar environment is relatively clean except for the arctic haze to be studied. Spectroscopic interference by water vapor, the strongest infrared atmospheric absorber, is reduced since its pressure at a typical arctic March temperature of -25øC is 2 orders of magnitude lower than at 25øC [Warneck, 1988] .
What might one hope to learn from the arctic experiment? where the band center can be located with good precision, these shifts are small and it is unlikely that they will be useful in determining particle size.
Conclusion
We have presented infrared extinction spectra of suspended (NH4)2SO 4 particles over a broad spectral range. A metastable aerosol composed of a supersaturated aqueous (NH4)2SO 4 droplets has been observed as has an aerosol containing crystalline particles. We have shown that spectroscopic signatures of (NH4)2SO 4 aerosols can be analyzed to obtain information about the water content of the particles. The extinction spectra of (NH4)2SO 4 particles which are small with respect to the wavelength of light are somewhat different than those predicted by Mie theory. Some of the deviations from bulk properties can be explained qualitatively by Mie theory. A quantitative understanding of the optical properties requires detailed information about the size and shape of the particles, which is unavailable. Finally, we have presented a simple calculation which suggests that infrared spectroscopic field measurements of sulfate aerosols are feasible.
Appendix
Three different types of curve-fitting routines were used in this study to determine the band positions and bandwidths. In all cases, the parameters were optimized using the nonlinear least squares fit routine in Sigma Plot (Jandel Scientific). All uncertainties reported in Tables 1 and 2 
